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The conformational changes in poly(ethyl acrylate-co-hydroxyethyl acrylate), P(EA-co-
HEA) chains, which constitute a copolymer network hydrogel, induced by the presence
of water are investigated by different experimental techniques and compared with the
behaviour of the corresponding xerogel. The mechanical relaxation spectrum shows the
presence of a new water-induced relaxation, the water content dependence of the glass
transition is measured by DSC, and the dielectric relaxation assesses the effect of water
for the lower concentrations. Hydrophilic and hydrophobic monomeric units in the P(EA-
co-HEA) network are able to aggregate to form two separated (nano)phases in the presence
of water due to hydrophobic interaction. Phase separation takes place when the water con-
tent of the sample is higher than a critical value estimated as two water molecules per -OH
group in the copolymer chain. The existence of the hydrophobic domains is detected by
their glass transition being nearly independent on the water content of the sample. Phase
separation is also clearly revealed by phase angle measurements in AFM experiments.

© 2008 Elsevier Ltd. All rights reserved.

Keywords:

Hydrogel

Copolymer networks
Nanoheterogenity
Hydrophobic effect

>
O
Q
—_
o
Z
as
)
43}
=
@)
Z
<
Z
2
o)
=
O
23]
—_
o
=
)
2
)
<
=

1. Introduction

The so-called hydrophobic interaction describes the
aggregation of hydrophobic groups in the presence of
water to minimize their exposure to water, and gives rise
to weak intra- and inter-molecular interactions and the
organisation of macromolecular assemblies. The interac-
tion is theoretically well-understood when dealing with
the properties of dilute solutions of apolar molecules in li-
quid water but it remains poorly understood when confor-
mations of macromolecules and protein folding are
concerned [1,2]. The existence of this kind of interaction
is a consequence of the difficulties in the maintenance of
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the water hydrogen bond network around the hydrophobic
assemblies. It is known that each water molecule can par-
ticipate in four hydrogen bonds, sharing its two hydrogen
atoms with two neighbouring water molecules and sharing
two further hydrogen atoms associated with two other
neighbours. Ice is a tetrahedrally ordered array, and liquid
water a disordered network, of such hydrogen-bonded
molecules [3]. The maintenance of this network has to do
with length scales. If the exclusion volume of the hydro-
phobic molecule is small enough, its presence in water re-
quires no breaking of hydrogen bonds. The situation is
different in the case of large solutes in which it is impossi-
ble to maintain a complete hydrogen-bonding network
with the surrounding liquid and a fraction of hydrogen-
bonding possibilities are lost near the surface [4]. The
tendency for hydrophobic particles to cluster in water
has been explained in terms of the dependence of hydro-
phobic solvation on solute size: a cluster is formed when
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a sufficiently large volume to surface ratio is reached so
that its solvation energy is lower than the overall solvation
free energy of the individual components. However, the
formation of a cluster from individual molecules implies
the formation of a new surface and, as the nucleation the-
ory shows, the formation of a critical nucleus is needed [5].
It has been shown that stable hydrophobic clusters in the
presence of water are bigger than 1 nm [6].

Hydrophobic interactions have been invoked to account
for conformational changes of single chains in polymer
solutions that could not be explained by the conventional
interaction between molecules [7]. The principles that hold
for purely hydrophobic solutes apply to molecules contain-
ing some hydrophilic units, but additional entropic effects
arise since both hydrophobic and hydrophilic units need to
be accommodated [8]. When hydrophilic and hydrophobic
groups are present in a molecule, the association of water
molecules around the hydrophobic parts changes the poly-
mer chains conformations from a random structure to a
collapsed one [8-15]. Some copolymers bearing hydropho-
bic and hydrophilic groups when dissolved in water above
a critical concentration tend to associate by inter-molecu-
lar hydrophobic interaction, generating a transient net-
work via associations of the hydrophobic groups [16-20].
The distributions of monomeric units along the chain is
an important factor to take into account when dealing with
phase transitions in gels since it might lead to phase sepa-
ration as a consequence of the molecular organization of
the copolymer chain. Nevertheless, even in the case of a
random copolymer, nanophase segregation could take
place as a consequence of intra-chains associations. If the
system investigated consisted of well-defined phases of
hydrophilic and hydrophobic groups (such as a block
copolymer or a phase-separated interpenetrated polymer
network [21]), each one of the phases would behave in
the presence of water as if the other component were not
present, i.e. water molecules would associate around the
hydrophilic phase neglecting the presence of the second
one. This is not the case in the P(EA-co-HEA) system: it is
homogeneous at the nanometric scale in the dry state,
i.e. there is no evidence of phase separation by dynamic
techniques (dielectric/mechanical spectroscopy).

For many applications hydrophilic-hydrophobic poly-
mer networks are better than linear macromolecules and
there is little information about the solvent-induced
conformational changes in these kinds of topologically
constrained systems. The conformational behaviour of
cross-linked poly(alkylmethyldiallylammonium bromides)
was investigated by fluorescence probing [20]. We have
recently investigated poly(ethyl acrylate-co-hydroxyethyl
acrylate), P(EA-co-HEA), networks swollen in benzene by
DSC and the existence of conformational changes induced
by the presence of the solvent was shown [21]. In this
work, the conformational changes in a P(EA-co-HEA) net-
work induced by the presence of water are investigated
by different experimental techniques, and compared with
the corresponding xerogels. The mechanical relaxation
spectrum suggests the presence of a new water-induced
relaxation. The phase diagram of the system shows how
the effect of the hydrophobic aggregation modifies the
glass transition temperature dependence of the system

when compared to the case of homogeneously distributed
polymer/water systems. The dielectric relaxation reveals
the effect of water molecules for lower water contents. Fi-
nally, atomic force microscopy allows the direct visualisa-
tion of the water-induced formation of the aggregates.

2. Experimental
2.1. Materials

Monomers from Aldrich 99% pure were used without
further purification. Copolymer networks were polymer-
ized from the mixture of the ethyl acrylate, EA, and hydro-
xy ethylacrylate, HEA, co-monomers in proportion
50:50 wt.% via ultraviolet light, at room temperature, using
2 wt.% ethyleneglycol dimethacrylate, EGDMA (Aldrich,
98% pure), as cross-linking agent and 0.13 wt.% benzoine
(Scharlau 98% pure) as photoinitiator. The polymerization
took place in a mould that consisted of two glass plates
with a rubber spacer what allowed to prepare a polymer
sheet approximately 1 mm thick. The low molecular
weight substances remaining in the sample after polymer-
ization were extracted with boiling ethanol for 24 h and
then the sample was dried at 60 °C in vacuo to constant
weight. The yield of the process was above 95%.

2.2. Differential scanning calorimetry

Samples for DSC were cut from the copolymer plate and
immersed in water for different times to obtain different
water contents, ranging from very low ones to equilibrium
values and subsequently pressed into the DSC pans. DSC
was performed in a Pyris 1 apparatus (PerkinElmer). He-
lium gas was let through the DSC cell with a flow rate of
20 ml/min. The temperature of the equipment was cali-
brated with water and indium. The melting heat of indium
was used for calibrating the heat flow. The samples were
subjected to a cooling scan from ambient temperature to
—100 °C, followed by a heating scan from that temperature
to 20 °C—both scans at a rate of 10 °C/min. The character-
istic transition temperatures were calculated from the DSC
thermograms. The temperature of the inflexion point of the
thermogram was taken as the glass transition temperature,
T,, of the swollen polymer, whereas for the phase transi-
tion of water it was the temperature of the maximum of
the large exothermal or endothermal peak the one that
was taken. The water mass in the swollen gel was deter-
mined gravimetrically. The solvent content in the swollen
gel is quantitatively given by the water weight fraction,
w, the ratio of the weight of water in the gel to the total
weight of the gel

o Myater (1 )
Myater + mdry polymer

where myacer is the mass of water sorbed in the gel and
Mdry polymer 1S the mass of the xerogel. The water sorbed
by the polymer referred to the mass of the hydrophilic
component in it, is given by the water weight fraction,
w/, the ratio of the weight of water in the gel to the mass
of water plus the mass fraction of water sorbed by the
PHEA phase in the swollen gel
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_ Myater (2)
Myater + MHEA

where myga is the mass of HEA in the polymer gel.
2.3. Dynamic mechanical analysis

Samples for dynamic-mechanical analysis, DMA, were
cut from the copolymer plate. A first one was measured
dry. A second one was let to swell in an ambient of humid
air with a relative humidity of 11.30% at 20 °C maintained
by a saturated solution of lithium chloride, to obtain very
low water content; the third one was swollen to equilib-
rium by immersion in liquid water. A Seiko DMS 210 dy-
namic-mechanical analyser was wused to perform
dynamic-mechanical spectroscopy (DMS) at 1 Hz. The tem-
perature dependence of storage modulus (E’), loss modulus
(E”) and loss tangent (tan 8) was measured from —50 to
25 °C at a heating rate of 1 K/min.

2.4. Dielectric relaxation spectroscopy

Samples for Dielectric Relaxation Spectroscopy, DRS,
were cut from the copolymer plate in the form of discs.
Three of them were swollen in humid air atmospheres
whose relative humidity, r.h. was controlled with different
saturated salt solutions to obtain different low water con-
tents, namely, lithium chloride (r.h. 11.30%), magnesium
nitrate (r.h. 54.38%) and potassium sulphate (r.h. 97.59%).
The forth one was dry. The DRS experiments were per-
formed using an impedance analyzer Alpha-S. The temper-
ature control was assured by the Quatro Cryosystem from
Novocontrol GmbH. Samples were placed between two
gold plated electrodes (diameter 20 mm) of a parallel-plate
capacitor. The sample cell was mounted on a cryostat (BDS
1100) connected to a liquid nitrogen Dewar. In these
experiments, the complex dielectric permittivity was
determined as a function of frequency (10~'-107 Hz) in a
temperature range between —50 °C and 50 °C.

2.5. Atomic force microscopy

Samples for Atomic Force Microscopy, AFM, were cut
from the copolymer plate in the form of discs, dried in
vacuo and measured in a NanoScope III from Digital Instru-
ments operating in the tapping mode in air. Si-cantilevers
were used with force constant of 42 N/m and resonance
frequency of 290 kHz. The phase signal was set to zero at
the resonance frequency of the tip. The tapping frequency
was slightly lower than the resonance one. The same
sample was swollen to equilibrium and then measured in
tapping mode covered by a drop of liquid water. A Si-
cantilever with constant force of 0.58 N/m was used for
the AFM in the liquid mode.

3. Results

The glass transition of the hydrated samples is clearly
shown in the DSC cooling scans (Figs. 1a and 1b). The glass
transition temperature T, shifts with increasing water con-
tent first towards lower temperatures until a water con-
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Fig. 1a. DSC cooling thermograms at 10 °C/min of samples with different
water contents shown on each curve.
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Fig. 1b. DSC cooling thermograms at 10 °C/min of samples with different
water contents shown on each curve.

tent of w=0.016; it then increases, and the glass
transition temperature of the sample with w=0.031 is
nearly the same as in the dry sample. For higher water con-
tents T, decreases with increasing water content very
slightly, the difference between the T of the sample swol-
len in immersion in liquid water (the experimental point
with the highest water content) and that of the dry sample
is only 7 °C (Fig. 2). The same behaviour is shown in the
heating scans for low water contents (below 0.031).

The cooling scans performed with samples containing
higher water contents are analogous to that shown in Fig.
1 for w = 0.031. Fig. 3 shows the DSC curves corresponding
to the sample swollen to equilibrium immersed in liquid
water, w = 0.159. It is worth noting that no water crystalli-
zation takes place on cooling. Nevertheless, on subsequent
heating of samples with water contents above w =0.031
the thermogram shows some indications of water crystal-
lization. No clear exothermic peak is shown, because of the
superposition of a broad exotherm with the glass transi-
tion of the polymer phase. Nonetheless a small melting
peak below 0 °C, whose phenomenology agrees with that
water crystallized in equilibrium with the gel, indicates
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Fig. 2. Glass transition temperature as a function of the water content
referred to the hydrophilic component, w (Eq. (2)). The solid line repre-
sents the prediction of the Couchman-Karasz equation for the polymer/
water homogeneous mixtures. Open symbols represent the glass transi-
tion temperature as a function of the water content, w, for samples with
w =0.004 and 0.016. Three qualitatively different areas are found: (I) p-
lasticization of the hydrophilic domains in the copolymer, (II) abrupt c-
hange in the glass transition dependence as a consequence of the
hydrophobic interaction, (III) glass transition of the hydrophobic
domains.
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Fig. 3. DSC cooling (down) and heating (up) thermograms of a sample
with the equilibrium water content in equilibrium in immersion in liquid
water w = 0.159.

that a small amount of the absorbed water is in fact crys-
tallized on heating [27].

Plasticization of the polymer network for low water
contents is also clearly depicted in the dielectric results.
Only some characteristic results DRS results will be shown.
Fig. 4 shows the temperature dependence of imaginary
component of the dielectric permittivity measured at
100 Hz. The peak in ¢” is characteristic of the main or «
dielectric relaxation, related to the co-operative conforma-
tional rearrangements of the chains that constitute the
polymer network. For low water contents, up to
w=0.013, a maximum in ¢’ appears clearly, although its
high temperature side is affected by the draught current
(dc) conductivity contribution, leading to a continuous in-
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Fig. 4. Imaginary component of the dielectric permittivity of the dry sa-
mple (M) and samples with different water contents w = 0.007 (@), w -
=0.013 (a) and w=0.107 (V).

crease of ¢’ with increasing temperature. As the water con-
tents increases the contribution of the dc conductivity is
more important and, in fact, in the samples with
w=0.107 or higher the dipolar peak cannot be distin-
guished. The plasticization of the polymer network by
the water molecules produces the shift of the o relaxation
towards lower temperatures. It is worth noting that in
dielectric relaxation the water content interval that can
be analysed only covers the lowest water contents and
the increase of the glass transition observed by DSC from
w=0.016 up cannot be observed in DRS.
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Fig. 5. Temperature dependence of the elastic modulus (open symbols)
and the loss tangent (full symbols) of the dry sample (W), a sample with a
water content w=0.007 (@), and the sample swollen in equilibrium in
immersion in liquid water w=0.159 (a).
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Fig. 6. AFM phase image, (a) and (b), and topography, (c) and (d), recorded in tapping mode of the dry copolymer xerogel, (a) and (c), and the swollen

networks, (b) and (d), scanning a 1 pm x 500 x 500 1 um area.

In the dynamic-mechanical analyser used in this work
the sample is exposed to the cell atmosphere and the control
of the water content of the sample is not as precise as in the
DSC experiments, where the sample is encapsulated in
sealed pans, or in the dielectric experiments, where the sam-
ple is between the cell electrodes. Only the dry sample, a
sample with the maximum water content and an intermedi-
ate composition were used in these experiments. As shown
in Fig. 5 the temperature of the maximum of the loss tangent
is lower in the swollen networks than in the xerogel, but the
maximum difference is only around 10 °C, similar to what
found in DSC experiments. The main feature found in the dy-
namic-mechanical experiments is the presence of a second
peak appearing in the loss tangent plot of the sample with
w=0.159 around —17 °C. This peak will be discussed in
the next section as a consequence of the phase separation
process in the sample due to the presence of water.

AFM experiments were performed on the dry sample, i.e.
the xerogel, in the tapping mode in air atmosphere, and in
tapping mode in the swollen sample previously equili-
brated in liquid water and with the tip immersed in a drop
of water deposited on the sample. The picture of the topog-
raphy and phase angle clearly indicates that the surface of
the xerogel is completely homogeneous (Fig. 6a and c).
However, a pattern in which domains of hundred of nano-

meters of different viscoelastic properties alternate is
clearly revealed when the sample is swollen (Fig. 6b and d).

4. Discussion

Copolymerization theory allows estimating, via the ter-
minal model, the composition of the copolymer chain once
the polymerization process is finished [22,23]. The mono-
mer molar fraction F; in the copolymer in terms of the
monomer molar fraction in the reaction mixture f; and
the reactivity ratios r; turns out to be

Fi_fithn+f) 3)
F; _fz(fzrz +f1)

Reactivity ratios are 0.5 and 0.97 for EA and HEA, respec-
tively, [24]. This difference has an immediate consequence.
HEA radicals have a higher tendency to react with HEA
monomers than with the EA ones. On the other hand, the
lower EA reactivity ratio means that this monomer has a
higher affinity towards HEA monomers than towards the
EA ones. The composition predicted by the terminal model,
Eq. (2), is shown in Fig. 7.

The theoretical prediction lies below the straight line
that gives the random composition of the copolymer chain



AJ. Campillo-Ferndndez et al./ European Polymer Journal 44 (2008) 1996-2004 2001

(that is, the final copolymer keeping the same proportion
of the two components present in the original reaction
mixture).

In the copolymer network prepared from a 50:50 mix-
ture of monomers, the amount of EA moieties in the
copolymer chain is slightly lower than in the original mix-
ture, what results in a network formed by copolymer
chains where both EA and HEA are not randomly distrib-
uted, but where small blocks of HEA are preferentially
present. However, the glass transition and the main dielec-
tric and dynamic-mechanical relaxations of the xerogel
show no indications of phase separation, i.e. spatial com-
position fluctuations with unimodal distribution. The
length of cooperativity at the glass transition has been
evaluated in amorphous polymers to be in the order of a
few nanometers. This determines an order of magnitude
for the size domains of a phase-separated system to pres-
ent the glass transition of the individual phases. Although
the polar (hydrophilic) groups along the chains are not ran-
domly distributed, there is no sign of aggregation of polar
or non-polar groups with dimensions sufficient to produce
independent glass transitions in the xerogel.

In the first stages of absorption, until w=0.016, the
glass transition shifts to lower temperatures as corre-
sponds to the homogeneous mixing of copolymer chains
and water. To emphasize this feature the prediction of
the Couchman-Karasz equation [25]

1- W,)ACpCOPTgCOP + W/Acp,waterTg,water
(1 - W/)ACPCOP + W'Acp,water

T, = @)
for the glass transition temperature of the copolymer net-
work is represented in Fig. 2. In this equation w’ is the mass
fraction of water per unit mass of HEA in the system, Tga-
ter = 134K and Acpwater=1.94] g 'K~ have been taken
from [26] while the values for the copolymer network
Tgcop=275.1 K and Acpcop=0.374] g~' K~! have been ob-
tained experimentally in this work from the DSC curve cor-

0.6

fraction of EAcop

0.4 1

0.2 1

0.0 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1

fraction of EA0

Fig. 7. Molar fraction of EA units in the copolymer as predicted by the
terminal model (fraction of EA,p) as a function of the molar fraction of EA
monomers in the reacting mixture (fraction of EAp). The straight line gives
the composition of a random copolymer where the fraction of monomers
of the original mixture is kept also in the polymerized material.

responding to the xerogel (Fig. 1). It is important to remark
that the line in Fig. 2 is not a fit to the experimental points
but a prediction. The good agreement between the experi-
mental points obtained from DSC measurements for low
water contents and the theoretical curve can be interpreted
in the sense that the initial amount of water which enters
the system remains homogeneously mixed with the hydro-
philic units of the copolymer chains in the network (region I
in Fig. 2). The maximum amount of water in this regime is
quite small, w = 0.016, and corresponds only to one water
molecule per five -OH groups in the polymer chain.

Exceeding this modest amount of water (w=0.016) a
rapid increase of the glass transition temperature is ob-
served in the polymer network with respect to that ex-
pected for the homogeneous mixture of water molecules
and polymer chains (region II in Fig. 2). The influence of
the hydrophobic interaction on the glass transition tem-
perature has been accounted for quantitatively for polymer
networks with a hydrophilic and a hydrophobic compo-
nent using the Kwei equation [21,27-30]. Nevertheless,
the sharp increase of the glass transition in this case in a
narrow range of water contents cannot be explained by
the mere contribution of the interaction between hydro-
phobic monomer units in a homogeneous system. Rather,
the behaviour shown is explained by phase separation be-
tween a hydrophobic non-plasticized phase and water-
containing hydrophilic phase, leading to the formation of
polymer (nano) aggregates in the copolymer chains. The
experimental T depicted in Fig. 2 have been assigned to
three qualitatively different regions: I describes the initial
plasticization of the copolymer as a consequence of the
first water molecules that enter the system. The initial
accommodation of water into the system already conveys
some conformational rearrangements leading to the incor-
poration of water preferentially next to the hydrophilic
segments, as it is confirmed by the fact that experimental
points fit to Couchman-Karasz equation when are plotted
against W’ instead of w. Region Il is considered to be a con-
sequence of a transition regime: further incorporation of
water into the system gives rise to the so-called hydropho-
bic interaction leading to a process of nanophase separa-
tion which increases the glass transition temperature of
the copolymer. Finally, region III describes the system for
high water contents and the experimentally measured T,
is ascribed to the vitrification of the hydrophobic (nano)
aggregates as it will be discussed in the following.

The organization of the hydrophobic and hydrophilic
groups in these aggregates (region Il in Fig. 2) must be
rather imperfect due to the lack of regularity along the
copolymer chains (as obtained from the interpretation of
the terminal model, Fig. 7) and the presence of cross-links.
Nevertheless the number of hydrophilic groups included in
the hydrophobic domains is low enough to force that the
core of the aggregates contain no water molecules, or at
least, less water than the average. Further increase in the
water uptake (from 0.05 on) reduces the observed glass
transition temperature very slightly (Fig. 2), what means
first that the glass transition depicted in the experimental
thermograms for these water contents must be ascribed to
the domains rich in the hydrophobic units of the copoly-
mer and secondly that water molecules are accumulated
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b

== hydrophylic segments
= hydrophobic segments

Fig. 8. Sketch of the molecular situation. (a) Ideal network compatible with the experimental results (absence of any kind of phase separation) and the
prediction of the terminal model. The chain of the copolymer consists of hydrophilic units in which some hydrophobic segments alternate. It must be taken
into account that in a polymer network the chains are not stretched but similar to random walks and entangled. Besides, for random cross-linking they are
not of uniform length. (b) Water-induced organization of hydrophilic and hydrophobic aggregates. Domain I represents a hydrophobic aggregate. Domain I
represents a hydrophobic aggregate with some hydrophilic segments trapped inside. Domain III represents a hydrophilic aggregate linked to hydrophobic

segments unable to participate in conformational motions as a pure domain.

outside them, i.e. these organized domains are not plasti-
cized by the presence of water in the copolymer network.
It is worth noting that the fact that the glass transition of
these hydrophobic domains can be detected by DSC proves
that their size must be at least in the order of magnitude of
the length of cooperativity at the glass transition tempera-
ture (approx. 10 nm) [34]. On the other hand, no glass tran-
sition of the hydrated domains can be detected by DSC, as
shown in the cooling scan of Fig. 3, for the sample with the
highest water content. In this sample the water content is
around two water molecules per hydroxyl group. In the
case of a pure PHEA network cross-linked with 2 wt.% EGD-
MA the amount of water absorbed in equilibrium by the
sample immersed in liquid water are around ten molecules
per -OH group [31]. In the case of the copolymer network
of this work, the presence of the hydrophobic aggregates
limits the expansion capacity of the network and, on the
other hand, a number of hydroxyl groups must be trapped
within the hydrophobic phase and thus being inaccessible
by the water molecules. One can argue that the mobility in
the hydrophilic phase does not allow the co-operative mo-
tions needed to produce the glass transition. The glass
transition of the hydrophobic phase takes place at temper-
atures around that of the dry network (approx. —15 °C)
[35]. This means that at lower temperatures (in the tem-
perature interval in which the glass transition of the plas-
ticized hydrophilic network would be expected to take
place) the chain segments that pertain to the hydrophilic
phase -that is swollen with water- are bonded to the
glassy hydrophobic parts of the polymer network. The sit-
uation is somehow similar to that of the amorphous intra-
spherulitic phase of a semicrystalline polymer in which the
mobility of the amorphous chains is strongly restricted by
the presence of the crystallites [32,33]. This lack of mobil-
ity can explain the difficulty of the crystallization of water
on cooling as well. Nevertheless some indication of the
molecular rearrangements in this phase can be seen from
the dynamic-mechanical experiments (Fig. 6), by the peak
appearing in the loss tangent around —17 °C and the grad-

ual decrease of the elastic modulus in the temperature
interval between —30 and 20 °C. Note that no secondary
relaxation appears in this temperature interval in pure
PHEA hydrogels [36].

The phase separation induced by the presence of the
solvent is clearly observed in the AFM pictures. Fig. 6
shows the area scanned on the same sample before (a-c)
and after (b-d) water immersion. The homogeneity of the
copolymer in the xerogel state is verified in the phase im-
age (note the low scale for the phase angle). The bright
aggregates in the phase images are identified with the
hydrophobic domains whose size is large enough to ac-
count for an additional relaxation and glass transition in
DSC. The formation of the aggregates has an effect also
on the topography signal in AFM. Likewise, the topography
picture for the Xxerogel is quite uniform up to approx.
100 nm and the presence of water induces the formation
of aggregates that stick out the surface approx. 80-
100 nm. It must be remarked here that AFM provides infor-
mation on nanostructure formation on the surface of the
samples swollen in water. However, it does not provide
complete information about nanophase separation in the
bulk. Such information could be obtained by, e.g., small-
angle neutron scattering.

The molecular weight between cross-links can be esti-
mated by the affine model in rubber elasticity theory [37]

- 3pRT
M. == (5)

where p is the density of the network, R the gas constant, T
the temperature in the rubber state and E the Young elastic
modulus. According to the data in Fig. 5, the molecular
weight between cross-links in the dry network results
approx. 1500 g/mol. Segregation beyond the size of the
network requires a larger distortion of the network,
and the length scale of the strand corresponding to
M. ~ 1500 g/mol is of the order of 10 nm, i.e. much smaller
than the surface domain detected by AFM (100 nm). Thus,
the network must be quite heterogeneous as a consequence
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of the polymerization kinetics which results in a much scar-
cer network near the surface. Besides, rubber elasticity al-
lows one to calculate the modulus of the swollen network
E,, from the single knowledge of the modulus of the xerogel
E and the volume fraction of solvent in the gel ¢, [38],

Ew=(1-¢)E (6)

Taking into account the equilibrium water content of the
gel swollen in liquid water (w=0.159), Eq. (5) predicts
the modulus of the swollen network to be E,, = 5.12 MPa,
much higher than the experimental value obtained from
Fig. 3 Eexp=1.38 MPa. The difference must be ascribed to
the non-uniform distribution of water within the sample,
i.e. to the formation of aggregates with more water than
the average that lead to a poorer mechanical behaviour.

5. Conclusions

Hydrophilic and hydrophobic monomeric units in the
poly(ethyl acrylate-co-hydroxyethyl acrylate) copolymer
network are able to organize to form two separated phases
in presence of water due to hydrophobic interaction. Phase
separation takes place when the water content of the sam-
ple is higher than a critical value estimated in two water
molecules per —-OH group in the polymer chain. The exis-
tence of the hydrophobic domains is detected by their
glass transition nearly independent on the water content
of the sample. Phase separation is also clearly revealed
by phase angle measurements in AFM experiments.

Even though is difficult to sketch the molecular situa-
tion of this system, Fig. 8a represents an ideal network
compatible with the experimental results (absence of any
kind of phase separation) and the prediction of the termi-
nal model. The length of either hydrophilic or hydrophobic
segments is not long enough as to behave as phase-sepa-
rated system and, consequently, the dynamic response of
the system does not consist of two independent processes
at the temperatures of the corresponding pure compo-
nents. Besides, the composition of the copolymer chain is
in agreement with the terminal model. On the other hand,
Fig. 8b is an attempt to sketch the organization of the
hydrophilic and hydrophobic units in the presence of
water. Three kind of aggregates are inferred: [ represents
pure hydrophobic domains; II accounts for hydrophobic
domains with entrapped hydrophilic units where water
cannot access and, consequently are not able to plasticize;
Il represents hydrophilic domains linked to hydrophobic
segments that are not able to participate in conformations
at the temperature of the corresponding pure hydrophilic
component due to the steric hindrance of the hydrophobic
domain that is a glass at those temperatures.
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